where C is chemical concentration (mg kg Ϫ1 ) at time t (h), C o is initial concentration (mg kg Ϫ1 ), and k 1 is the Soil fumigation using shank injection creates high fumigant concenfirst-order rate constant (h Ϫ1 ) independent of C and C o . tration gradients in soil from the injection point to the soil surface. A temperature gradient also exists along the soil profile. We studied In deriving Eq. [2], it is assumed that only pesticide the degradation of methyl isothiocyanate (MITC) and 1,3-dichloro-concentration changes during the course of observation;
degradation of MITC and 1,3-D isomers over the range of the initial concentrations. First-order and half-order kinetics adequately described the degradation of MITC and 1,3-D isomers at each initial A ccurate assessments of the environmental effects when degradation of a pesticide is assessed for a wide of soil fumigants require information on their degrange of initial concentrations, degradation at each iniradation in the soil, as this is one of the key parameters tial concentration can be reasonably described by firstin determining the fate and transport of chemicals in the order kinetics, but the derived first-order rate constant environment. Pesticide fate models also need pesticide (k 1 ) varies with initial concentration, which is contradicdegradation rates for the fate and exposure assessments. tory to first-order kinetics. Several other models have Soil moisture, soil temperature, and chemical concentrabeen proposed to describe pesticide degradation in soils tion may all affect pesticide degradation. The effect (Hamaker, 1972, Hamaker and Goring, 1976 ; Soulas, of soil moisture on pesticide degradation is frequently 1982; Hill and Schaalje, 1985; Schmidt et al., 1985;  Alexdescribed by the power function developed by Walker ander and Scow, 1989) . Of the models proposed, half- (1978) , and that of soil temperature by the Arrhenius order kinetics and the Michaelis-Menten model have equation:
attracted the most attention. The half-order kinetics can k ϭ Ae Ϫ Ea RT [1] be obtained by setting n ϭ 0.5 in Eq. [3] . The Michaelis-Menten model is a variable-order equation, approaching first-order at low concentrations and zero-order at high where k is pesticide degradation rate constant, A is a concentrations (Hamaker et al., 1968) . Therefore, theofitting parameter, E a is activation energy, and R is the retically the model may describe pesticide degradation universal gas constant. The effect of concentration on in soils over a range of initial concentrations: pesticide degradation is often described by first-order kinetics:
where V m (h Ϫ1 ) is the maximum rate of pesticide degra-integral form of the equation after an appropriate ar-Incubation Experiments at Different Temperatures and Initial Concentrations rangement is:
Ten grams (dry weight) of fresh soil was weighed into 20-mL vials after adjustment of soil water content to 5% by weight. These samples were spiked with 0.5 mL of MITC and methods and rates of application. For example, soil the sample vials were decapped while still frozen, and after addition of 10 g of anhydrous sodium sulfate and 10 mL of fumigants are normally injected into the soil at certain ethyl acetate, the vials were immediately recapped. The vials depth at application rates of ෂ250 kg ha Ϫ1 , which is were placed on a shaker for 1 h at 5000 rph, then 1.5 mL of approximately two orders of magnitude higher than the the supernatant from each vial was transferred into a gas application rates of most other pesticides. Higher applichromatography (GC) vial. Preliminary studies showed that cation rates create higher initial concentrations at the this extraction method gave an average recovery of 95% for injection points that may reduce the populations of de-MITC. The concentration of MITC was determined by a HP grading microorganisms (Parr, 1974; Ladd et al., 1976;  (Palo Alto, CA) 6890 GC equipped with a microelectron cap- Macalady et al., 1998) . At locations away from the injecture detector (ECD fumigants as affected by temperature and initial concen-Similar experiments and analyses were carried out for 1,3-D tration. We used MITC and 1,3-D in this study because isomers using initial concentrations of 0. 60, 9.95, 14.18, and of their high usage, which is expected to further expand 58.82 mg kg Ϫ1 for the (E )-isomer and 0. 65, 9.98, 15.27, and when methyl bromide is phased out by the year 2005.
60.33 mg kg Ϫ1 for the (Z )-isomer. The 1,3-D isomers were extracted from the soil using ethyl acetate and their concentrations determined by GC with the same capillary column as
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for MITC. The gas flow rate was set at 1.2 mL min Ϫ1 . The starting oven temperature was 70ЊC and then the temperature
Soil and Chemicals
was increased at a rate of 20ЊC min Ϫ1 until it reached the final The soil was an Arlington sandy loam taken from the top temperature of 140ЊC. The inlet temperature was 230ЊC and 20 cm in a field at the University of California Agricultural the detector temperature was 280ЊC. Under these conditions, Experiment Station at Riverside, about 1 km southeast of the the recoveries were 93 and 89% for (E )-and (Z )-1,3-D isocampus. The soil had a pH of 7.4 and consisted of 64% sand, mers, respectively, at an initial concentration of 9.95 mg kg Ϫ1 . 7% clay, and 0.92% organic matter. Fresh soil was passed Degradation of 1,3-D isomers in sterilized and nonsterilized through a 2-mm sieve and stored at room temperature before soils was also compared at initial concentrations of 1.19 and use. Technical standards of MITC (99%) and 1,3-D [48% (E )-1.97 mg kg Ϫ1 for the (E )-and (Z )-isomer, respectively. and 49% (Z )-isomer] were purchased from Chem Service
The degradation data thus obtained were fitted to first-(Bellefonte, NJ). The chemicals were dissolved in ultrapure order, half-order, and second-order kinetics, and the Michaewater just before use and a range of concentrations was prelis-Menten model using a least-square regression method. The adjusted coefficient of fitting (r 2 ) was used to evaluate the pared for the study. 
RESULTS AND DISCUSSION
initial concentrations, even though the degradation at
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each initial concentration can be fitted to first-order as Affected by Concentration kinetics (r 2 Ͼ 0.93).
Degradation of (E)-1,3-D isomer at each initial con-Degradation of MITC at each initial concentration centration can be also described by first-order kinetics can be described by first-order kinetics (r 2 Ͼ 0.93) (Ta-(r 2 Ͼ 0.78) ( Table 2) . As for MITC, only degradation ble 1). Only data at 20ЊC are shown in Fig. 1 , as data curves at 20ЊC are shown ( Fig. 3) . Fits were generally at other temperatures followed a similar pattern. There good (r 2 Ͼ 0.95) except at the highest initial concentrawas a ninefold difference in the derived first-order degtion ( Table 2) . The derived first-order degradation rate radation rate constants between the lowest and the highconstants of (E)-1,3-D at an initial concentration of est concentrations at 20ЊC (Table 1) . A general trend 0.60 mg kg Ϫ1 were 2.1 to 4.1 times those at an initial existed that the derived first-order rate constant deconcentration of 58.82 mg kg Ϫ1 , depending on temperacreased with increasing initial concentration (Fig. 2) , ture (Table 2 ). There existed a general trend that the which is contradictory to the basic assumptions of firstderived first-order rate constant decreased with increasorder kinetics. Hance and McKone (1971) reported a ing initial concentration. Likewise, degradation of the similar correlation between initial concentration and first-order rate constant for atrazine, linuron, and piclo-(Z)-1,3-D isomer at each initial concentration can be also fitted to first-order kinetics (r 2 Ͼ 0.85) ( Table 2) . ences in the first-order rate constants for MITC (Table  1) and 1,3-D isomers ( Table 2) at different initial con-Good fits (r 2 Ͼ 0.96) were obtained at lower initial concentrations, as was observed for the (E)-1,3-D iso-centrations suggest that significant errors can be introduced in model predictions of the chemical fate and mer ( Table 2 ). The first-order degradation rate constants of (Z)-1,3-D at an initial concentration of 0.65 exposure. In studying the effect of the first-order rate constant on pesticide leaching predictions, Boesten and mg kg Ϫ1 were 1.5 to 2.9 times those at an initial concentration of 60.33 mg kg Ϫ1 , depending on temperature van der Linden (1991) demonstrated that a 2ϫ variation in the first-order degradation rate constant led to 10ϫ (Table 2) . Thus, one single first-order rate constant cannot adequately describe the degradation of each isomer changes in predicted pesticide leaching. While the firstorder degradation rate constants or half-lives are often over the entire concentration range used in the study (Table 2) . used in the pesticide literature, either because of simplicity, convenience, or apparent validity, care must be These results demonstrate that the derived first-order rate constants are not concentration-independent, as the taken to verify their accuracy in representing pesticide degradation in soils. Otherwise, attempts to accurately first-order kinetics implies, but are dependent on the initial chemical concentration. Therefore, the assump-predict chemical concentration distributions in the soil profile may fail. tion in some integrated simulation models that degradation of pesticides in soils can be represented by a single
The applicability of second-order and half-order kinetics and the Michaelis-Menten model was then tested first-order rate constant may be invalid. Large differ- Table 2 0.30 (0.97) † The first-order degradation rate constants were obtained by fitting measured concentrations at different times to first-order kinetics using the leastsquare-error fitting procedure. ‡ Mean Ϯ standard error. Data in parentheses are coefficients of fitting (adjusted r 2 ).
. The first-order degradation rate constants (k 1 ) of (E )-and (Z )-1,3-dichloropropene (1,3-D) isomers at different temperatures and initial concentrations.

Fig. 3. Degradation of the (E )-1,3-dichloropropene isomer in Arlington sandy loam at different initial concentrations at 20؇C. The points are mean of three measurements (Ϯstandard errors) and the curves are first-order fits.
for MITC and 1,3-D isomers at all temperatures. Plot-describe the degradation of MITC and 1,3-D isomers at all initial concentrations (not shown). In some cases, ting the inverse of the measured concentration (1/C) with respect to time (t) at different initial concentrations the fits were poor and the fitted parameter values (K m , V m ) were negative, suggesting that the Michaelis-Men-did not yield a constant slope (second-order rate constant) for MITC ( Fig. 2) or 1,3-D isomers (not shown).
ten model does not apply. Overall, first-order and halforder kinetics fit the data better than second-order ki-The fits were generally not as good as those for firstorder kinetics (r 2 Ͼ 0.76), although better fits were ob-netics and the Michaelis-Menten model. However, none of the models tested satisfactorily described the degra-tained at higher initial concentrations (r 2 Ͼ 0.91). Overall, the derived second-order degradation rate constant dation of MITC and 1,3-D isomers over a range of initial concentrations. decreased with increasing initial concentration (Fig. 2) , as is for the first-order rate constant. The maximum Degradation of MITC in sterilized soil was compared with that in nonsterilized soil at 20ЊC (Fig. 4) because differences in the second-order rate constants were on the order of 1000ϫ between the lowest and highest high temperature itself (Ͼ40ЊC) can suppress microorganism activities (Gan et al., 1999) . We used the lowest initial concentrations. Therefore, degradation of MITC and 1,3-D isomers did not follow second-order kinetics.
(3.34 mg kg Ϫ1 ) and the highest (142.58 mg kg Ϫ1 ) concentrations for this comparison. During a 6-d incubation Degradation of MITC at each initial concentration can be fitted to half-order kinetics (Table 1) (r 2 Ͼ 0.88).
period at an initial concentration of 3.34 mg kg Ϫ1 , degradation of MITC in both sterilized and nonsterilized soils The resulting half-order rate constants varied with initial concentrations, but to much less of an extent than the can be fitted to first-order kinetics (r 2 Ͼ 0.91) (Fig. 4) . The first-order rate constant in nonsterilized soil was first-order rate constants (Table 1) , with the maximum differences varying between 1.4ϫ and 1.7ϫ, depending 10 times larger than that in sterilized soil, suggesting that the major dissipation pathway for MITC in the on temperature. Hamaker et al. (1968) also reported that the half-order rate constant of 4-amino-3,5,6-tri-soil may be biodegradation (91%). This supports earlier studies by Smelt et al. (1989) and Gan et al. (1999) . chloropicolinic acid was less affected by initial concentration than the first-order rate constant. The fitted half-Concentrations of MITC in sterilized soil were significantly larger than those in nonsterilized soil over the order rate constants for each 1,3-D isomer increased with increasing initial concentration, with the maximum entire period of observations except at the beginning (Fig. 4) , which suggests that MITC might not have posed differences varying between 3.1ϫ and 4.2ϫ for the (E)isomer and between 3.8ϫ and 6.1ϫ for the (Z)-isomer, significant inhibitory effects on degrading microorganisms at this concentration level. Alternatively, inhibitory depending on temperature (Table 3) . Therefore, the fitted half-order rate constants for 1,3-D isomers varied effects might have occurred but the inhibited populations recovered before the first sampling interval (6 h more significantly with initial concentration than the first-order rate constants. Thus, one single half-order after treatment). In studies of the effects of four nematocides on microorganism activities in a loamy sand soil, rate constant cannot adequately represent the degradation of MITC and 1,3-D isomers in the soil over a range Tu (1972) observed that both bacterial and fungal populations initially decreased at low nematocide application of initial concentrations.
The Michaelis-Menten model did not satisfactorily rates, but the populations recovered rapidly to levels 0.04 (0.98) ‡  1.18 Ϯ 0.06 (0.99)  1.32 Ϯ 0.08 (0.98)  192 Ϯ 0.18 (0.97)  9.55  1.36 Ϯ 0.10 (0.97)  2.02 Ϯ 0.06 (0.99)  2.44 Ϯ 0.24 (0.94)  2.80 Ϯ 0.28 (0.95)  14.18  1.38 Ϯ 0.12 (0.96)  2.26 Ϯ 0.24 (0.94)  2.80 Ϯ 0.16 (0.98)  3.10 Ϯ 0.34 (0.94)  58.82  1.86 Ϯ 0.18 (0.94)  4.96 Ϯ 0.76 (0.87)  4.48 Ϯ 0.82 (0.82)  6.40 Ϯ 86 (0.90) (Z)-1,3-D 0.65 0. 52 Ϯ 0.04 (0.98)  0.90 Ϯ 0.06 (0.97)  1.30 Ϯ 0.06 (0.99)  1.46 Ϯ 0.12 (0.99 1.04 (0.88) † The half-order degradation rate constants were obtained by fitting measured concentrations at different times to half-order kinetics using the leastsquare-error fitting procedure. ‡ Mean Ϯ standard error. Data in parentheses are coefficients of fitting (adjusted r 2 ). similar to those in the control. At an initial concentra-inhibitory effect imposed at a higher initial concentration would cause less relative percentage loss of MITC tion of 142.58 mg kg Ϫ1 , degradation of MITC in both sterilized and nonsterilized soils can be fitted to first-than that at a lower initial concentration at which the inhibitory effect was unnoticeable, resulting in a smaller order kinetics (r 2 Ͼ 0.90). The first-order degradation rate constant of MITC in nonsterilized soil was only 1.8 first-order degradation rate constant (k 1 ) at a higher initial concentration. However, this does not translate times that in sterilized soil. Moreover, during the first 2 d after treatment, concentrations of MITC in both into a smaller amount of MITC degraded at a higher initial concentration because k 1 is calculated on a rela-sterilized and nonsterilized soils were nearly the same (Fig. 4) , which may indicate that MITC posed inhibitory tive basis (Eq.
[1]). Degradation of 1,3-D isomers in both sterilized and effects on degrading microorganisms. This 2-d period may be also an adaptation period for microorganisms nonsterilized soils was examined at a low initial concentration at 20ЊC (Fig. 5 ). During an 8-d incubation period, to degrade MITC. With time the differences in MITC concentrations increased between sterilized and non-degradation of both isomers in both soils can be fitted to first-order kinetics (r 2 Ͼ 0.95). The resulting rate sterilized soils (Fig. 4) . Pronounced inhibitory effects of fumigants including MITC on soil microorganisms were constants in nonsterilized soil were 3.3 and 2.1 times those in sterilized soil for the (E)-isomer and the (Z)-also observed in previous studies (Tu, 1972; Macalady et al., 1998) and were associated with marked inhibitions isomer, respectively. This suggests that biodegradation was the major dissipation pathway for 1,3-D isomers of nitrification and soil respiration (Parr, 1974) . The (68 to 76%). The differences in degradation rate conmonly done. In the second case, we used the half-order stants of 1,3-D isomers between sterilized and nonsterilrate constant (k 0.5 ) for the evaluations since k 0.5 was ized soils are smaller than that of MITC at an initial relatively less dependent on the initial concentration concentration of 3.34 mg kg Ϫ1 (10ϫ difference), sugfor MITC. gesting that more abiotic degradation might have been At the same initial concentration, the k 1 of MITC (Table 1) changed exponentially with temperature be-involved in degrading 1,3-D isomers (24 to 32%) than tween 20 and 40ЊC, and followed the Arrhenius equation in degrading MITC (9%).
(r 2 Ն 0.79) ( Table 4 ). The poor fit (r 2 ϭ 0.79) was obtained at the lowest initial concentration, whereas
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better fits were obtained at higher initial concentrations as Affected by Temperature (r 2 Ն 0.97) (Table 4 ). Presumably more biodegradation A common approach to evaluate the effect of temperwas involved in degrading MITC at low initial concenature on pesticide degradation is to compare the firsttrations, while the Arrhenius equation was primarily order rate constants (k 1 ) obtained at different temdeveloped for describing chemical reactions in solution. peratures. As k 1 is usually obtained only at one initial There was no significant difference in activation energy concentration, the effect of initial concentration is thus at different initial concentrations except at the lowest ignored. We explored two cases. In the first case, we initial concentration at which the activation energy was significantly smaller than that at other initial concentra-applied the derived k 1 for the evaluations, as is com- MITC) and (E )-and (Z )-1,3-dichloropropene (1,3-D) isomers calculated using the first-order (k 1 ) and the half-order (k 0.5 ) rate constants between 20 and 40؇C.
tions (P Ͻ 0.05) ( Table 4 ). The average activation en-half-order degradation rate constants on initial concentration makes it invalid to use first-order and half-order ergy for MITC was 46.21 kJ mol Ϫ1 , which is consistent with a previous report (Gan et al., 1999) . At each initial kinetics to describe the degradation. Overall, none of the models tested satisfactorily described degradation concentration, the overall k 1 increased ෂ2 times with every 10ЊC increase between 20 and 40ЊC (Table 1) .
of MITC and 1,3-D isomers over the range of initial concentrations. This raises a serious question as to the Thus, biodegradation of MITC was not significantly suppressed at 40ЊC. When k 0.5 is used to evaluate MITC validity of first-order kinetics for representing fumigant degradation in soils at different initial concentrations. degradation as affected by temperature, the calculated activation energy was not significantly different among
This problem tends to be overlooked since the firstorder degradation rate constant is usually obtained at different initial concentrations (P Ͼ 0.05) (Table 4) , one initial concentration. Thus, the concentration effect with an average of 41.20 kJ mol Ϫ1 . This value was not as observed in this study is ignored. Even worse, the statistically different from that calculated using k 1 (46.21 derived first-order degradation rate constant at one ini-kJ mol Ϫ1 ) (P Ͼ 0.05). tial concentration is often used in integrated simulation Degradation of 1,3-D isomers between 20 and 40ЊC models for predicting chemical fate and dissipation. can also be described by the Arrhenius equation (r 2 Ͼ Comparisons of fumigant degradation in sterilized 0.82) (Table 4 ). There was no significant difference in and nonsterilized soils revealed that microbial degradaactivation energy for both isomers at different initial tion was the major dissipation pathway for all fumigants, concentrations except at the highest concentration at although microbial degradation was more involved in which the activation energy was significantly greater degrading MITC than in degrading 1,3-D isomers. Analthan that at other concentrations (P Ͻ 0.05) ( Table 4) .
yses of MITC degradation at high and low initial concen-The average activation energy for (E)-1,3-D (52.3 kJ trations in sterilized and nonsterilized soils demonmol Ϫ1 ) over the four initial concentrations was not sigstrated that the reduced MITC degradation rate constant nificantly different from that of the (Z)-1,3-D (59.3 kJ at high concentration may have resulted from the inhibimol Ϫ1 ) (P Ͼ 0.05). When k 0.5 was applied to calculate tory effects of the fumigant on degrading microorganactivation energy, the resulting values for both isomers isms. The overall degradation rate constants of MITC were significantly different among different initial conand 1,3-D isomers changed exponentially with temperacentrations (P Ͻ 0.05). However, the average value for ture and followed the empirical Arrehnius equation bethe (E)-isomer (37.86 kJ mol Ϫ1 ) at four initial concentween 20 and 40ЊC. trations was not statistically different from that of the (Z)-isomer (38.95 kJ mol Ϫ1 ). For either isomer, the average activation energy calculated by k 0.5 was signifi-
